Surgery. Seven pregnant ewes were used for these studies. All procedures and experiments were reviewed and approved by the Institutional Animal Care and Use Committee. Sterile surgery was carried out between 121 and 126 d gestational age, under nitrous oxide and fluothane anesthesia in oxygen. The methods used for placement of catheters in the fetal trachea, axillary artery, sagittal vein, hind limb vein, and amniotic fluid, and placement of electrodes above the dura have been described in detail (6). A polyvinyl catheter was inserted in the ewe's trachea and sutured to the s.c. tissues. After surgery, the animals were housed in 1.5 x 3 m pens with free access to food and water.
carried out over the following 2-6 d. The fetuses were between 127 and 142 d gestation at the time experiments were performed. The studies were conducted between 1000 and 1400 h, a period during which we have not observed differences in the incidence of fetal breathing (8) . The animals ate ad libitum during the studies.
Two studies were performed on each fetus on different days in a mixed order. In one protocol, after a l-h control period, fetal lactic acidemia was induced by infusion of 3.2 M L-lactic acid (Sigma Chemical Co., St. Louis, MO) at 13.3 mL/h into the venous catheter for 6 h. To induce fetal hypoxemia in the 5th h of lactic acidosis, nitrogen and carbon dioxide were added the ewe's inspired air by perfusing the maternal trachea (9) . The flow rates were 8-11 L'min for nitrogen and 0.8-0.9 Lzrnin for CO2.
In the final (6th) hour of lactic acid infusion, the ewe's inspired gas was returned to normal. This is referred to as a "recovery" hour. Air was not infused during the control, infusion, or recovery periods. Fetal arterial blood samples were taken in the control hour, after I and 4 h of infusion, and at the midpoint of the hypoxemic hour and the normoxemic recovery hour.
In the other protocol, FBM and EEG were recorded during a control hour, a hypoxemic hour, and a normoxemic recovery hour. Arterial blood samples were taken halfway through each hour.
Analysis. FBM were defined as repeated transient negative pressures recorded in the trachea (relative to amniotic fluid) that were occurring at least 0.25 Hz and at least 0.13 kPa in amplitude 483 Abbreviations FBM, fetal breathing movements LV, low voltage ABSTRACT. Hypoxemia transiently inhibits the incidence of fetal breathing movements (FBM), but their incidence returns to normal after several hours despite maintained hypoxemia. We hypothesized that the lactic acidosis associated with prolonged systemic hypoxemia might mediate the adaptation of the hypoxemic inhibition of FBM.
In sheep fetuses, the incidence of FBM was measured in a control hour and during 6 h of i.v, infusion of L-Iactic acid, which raised the blood lactate concentrations to levels seen with moderate hypoxemia. FBM were observed at the same incidence as during control during each of the first 4 h (all approximately 40%). In the 5th h of lactic acid infusion, fetal hypoxemia was induced by lowering maternal inspired oxygen fraction and FBM occurred only 8 ± 1% (SEM) of that hour. In a subsequent normoxemic recovery hour, the incidence of FBM remained below control levels. In the same animals on a different day, a similar hypoxemia induced without the acid infusion caused a comparable inhibition of FBM, but the incidence of FBM returned to the control level in a subsequent recovery hour. A moderate peripheral lactic acidosis does not blunt the inhibition of FBM evoked by acute hypoxemia and is not a likely explanation for the return of FBM during prolonged hypoxemia but actually might mediate some of the inhibition. (Pediatr Res 29: [483] [484] [485] [486] 1991) In unanesthetized fetal sheep, acute hypoxia causes a depression in the incidence of FBM (1-4). However, with several different kinds of induced, prolonged hypoxemia, FBM do not remain inhibited but return toward control incidence after several hours (5-7). We have suggested that the peripheral lactic acidosis that accompanies prolonged hypoxemia might override the initial inhibition of FBM that occurs with acute hypoxemia (6) .
We have sought to determine if a continuous lactic acid infusion could alter the inhibition of FBM associated with acute hypoxemia. Such a result might implicate the lactic acidosis that can be generated endogenously during hypoxemia with the return of FBM seen in prolonged hypoxemia. or depth. Breathing depth was measured as the amplitude of the tracheal peak negative pressure deflection measured off the strip chart. Breaths were selected at 12-sintervals when FBM occurred and averaged to yield a single value for breathing depth for each 6-min period of breathing. Ten of these interim average depths were averaged together to form a composite hourly depth for each animal. The number of breaths collectivelyused to generate this mean varied according to the incidence of FBM but ranged from 14 to 210 breaths for each hour. The estimates of variation reported reflect the interanimal distribution. The incidence of FBM was determined by dividing the time when FBM was present by the 60-min observation time. Fetal EEG was assessed visually into periods of LV «50 !J.V) and high voltage (50-200 !J.V). The incidence of LV EEG was similarly calculated. The incidence of FBM in LV EEG was calculated by dividing the time FBM were observed in LV EEG by the total time in that EEG pattern in the hour of observation. The EEG was analyzed in only five of the seven animals because in the other two highfrequency noise and baseline drift were present due to a malfunctioning amplifier. Hourly mean blood pressure and heart rate were determined by the average of values selected at 2-min intervals over each hour.
All data are reported as the means ± SEM. Inference testing was performed using one-way analysis of variance and significant differences from control values were evaluated using the protected Least Significant Difference test (10). Table I reports the arterial blood gas tensions, pH, and lactate and glucose concentrations during control and after I and 4 h of lactic acid infusion, during the last 30 min of hypoxemia, and after 30 min of recovery. Glucose levels rose in conjunction with the lactate infusion. Fetal heart rate tended to increase with the acid infusion, but this did not reach statistical significance until the recovery hour. Mean arterial blood pressure also tended to increase, but the increase was not statistically significant. Figure I shows the incidence of FBM (panel A), the LV EEG state (panel B), and FBM during the LV state (panel C). Data is grouped for a l-h control period and then 6 h of lactic acid infusion. There was an increase in the incidence of FBM in the first hour, but no difference from control was seen in the incidence of FBM for the next 3 h of lactic acid infusion. The increase in the percent of the LV EEG state having FBM paralleled the incidence of FBM, inasmuch as there was no difference in the incidence of LV EEG. The l-h period of induced hypoxemia inhibited FBM, and this inhibition persisted in a subsequent recovery hour. Hypoxemia did not alter the incidence of the LV EEG. Because virtually no FBM occurred in the high voltage EEG in any instance, the effect of hypoxemia was on the incidence of FBM in the LV EEG pattern.
RESULTS
The depth of FBM during the control hour was 0.76 ± 0.03 kPa. Lactic acid infusion alone caused a slight but significant increase in the depth in the first hour (0.97 ± 0.05 kPa), but the breath amplitudes for the next 3 h were not different from control (0.75 ± 0.07, 0.80 ± 0.04, and 0.73 ± 0.06 kPa respectively). Hypoxemia reduced the amplitude of FBM to 0.59 ± 0.05 kPa. The depth of breathing in the recovery hour was not different from control (0.66 ± 0.08 kPa). Figure 2 illustrates the incidence of FBM (panel A), the LV EEG (panel B) and FBM during LV EEG (panel C) in these same fetuses (on a different day). The data is reported from a 1-h control period, a I-h period of induced hypoxemia, and a normoxic recovery hour. Hypoxemia was associated with a reduced incidence of FBM with no change in the incidence of the LV EEG pattern, leading to a dramatic fall in the incidence of FBM in the LV EEG pattern. All of these changes were comparable to those seen in the lactic acid infusion protocol (Fig. I ). In contrast, the incidence of FBM in the posthypoxic recovery hour returned to a percentage not distinguishable from control.
In the hypoxemic (no acid infusion) protocol, the depth of FBM in the control hour was not different (0.85 ± 0.07 kPa) than in the lactic acid protocol control period. Hypoxemia significantly (p -s 0.05) reduced the amplitude to 0.59 ± 0.04 kPa, whereas the recovery hour returned to a level not distinguishable from control. Table 2 reports the average blood gas, pH, lactate, and glucose concentrations, and heart rate and blood pressure values recorded during this protocol. The control gases and pH were no different from those reported in Table I . During hypoxemia, there was a fall in arterial P02 comparable to that seen during the hypoxemic hour of the lactic acid infusion protocol.
DISCUSSION
Hypoxic ventilatory depression has recently been reviewed and several nonexclusive mechanisms proposed (II). Hypoxia may inhibit ventilation by acting either at higher or brainstem respiratory centers directly or by eliciting increased levelsof some neuromodulatory chemical (v-aminobutyric acid or adenosine). Alternatively, hypoxia may alter the brain metabolism, blood flow, or bicarbonate concentrations to reduce the central chemical stimulation of either CO 2 or hydrogen ion. Similarly, the escape from hypoxic inhibition of FBM may be due to the adaptation of some inhibitory neuromodulating element or by a progressivereturn of hydrogen ion stimulus to central chernoreceptors. The role oflactic acid is particularly difficult to evaluate because it could act either as a stimulator (hydrogen ion) or as an inhibitory neuromodulator (12) . Additionally, systemic and brain lactic acidosisare a somewhat delayed sequel of hypoxemia and may persist for some time after a return to normoxemia.
The inhibition of FBM seen with acute anemic hypoxia and uterine asphyxia was transient despite the maintenance of lowered blood oxygen contents (5, 6) . Similar returns of fetal respi- remains continuing uncertainty about how, when, and where fixed acids stimulate ventilation in developing and adult animals. The time course and magnitude of the rise in blood lactate levels with this infusion were comparable to those observed with fetal asphyxia generated by partial uterine artery occlusion (6). ratory activity during hypoxemia have been reported by Koos et al. (7) , although the time course of the return was longer. We have speculated that one possible mechanism of this return is the secondary metabolic acidosis of the blood and eventually the brain that results from the developing lactic acidosis.
Such a process has precedent or analogy with regard to the ventilatory acclimatization to prolonged hypoxemia in adult humans and animals (13), whereby initial ventilatory stimulation is followed by progressive, secondary (in time) increases in ventilation. The mechanism of this delayed stimulation of "adaptation" (14) remains controversial. It might be due to a central acidosis or neuromodulation, but there also is evidence that the carotid bodies are important to this ventilatory acclimatization, at least in goats (15) .
Based on previous results by ourselves (8) and others (16) , the 5th h of acid infusion in the absence of hypoxemia would be expected to stimulate FBM. With HCI infusions, the incidence of FBM was elevated after 4 h of metabolic acidosis (8), a result similar to that reported by Molteni et al. (16) with NH 4CI infusions. The delay in the stimulation might have been due to a time delay before the blood acidosis manifested an acidosis at central chemoreceptors (17) . In this current study, the lack of stimulation of FBM in the hours before and after hypoxemia argue against any role for lactic acid in mediating the adaptation seen in previous hypoxemic experiments (5) (6) (7) . However, some cautionshould be exercised in interpreting these results. Evidence 'or a unique stimulatory effect of HCl as compared with other Ixed acids also exists in studies of adult animals (18) . There It was in the 4th and 5th h of that hypoxemic lactic acidosis that FBM returned to control. We did not measure lactate in our study of fetal anemia (5), but the fall in pH had a very similar time course as in the asphyxia (6) and the current lactic acid infusion. It should be remembered that, although we have simulated the peripheral blood lactic acidosis seen with fetal hypoxemia, the lactic acid concentration or pH at central chemoreceptive sites may not have simulated that which occurs with hypoxia.
The fetal brain can generate lactate, and blood versus brain tissue concentration gradients may exist (19) .
The increase in the incidence and depth of FBM in the 1st h of lactic acid infusion might be due to an effect of pH at peripheral arterial receptors. However, at least in adult dogs, this is a relatively weak respiratory stimulant (17) . It also seems unlikely that this rapid but transient stimulation was the fixed acid penetrating to central chemoreceptors directly (8, 17) . The slight stimulation may have been due to a transient increase in arterial Pco, that results from the fixed acid being buffered by bicarbonate and stimulating central chemoreceptors (20) . The Paco, measured in that 1st h was somewhat elevated, an increase that approached statistical significance.
It is unclear why Johnston and Gluckman (21) found that lactic acid infusion in the 2nd and third h of infusion inhibited FBM in intact fetal sheep. Their results appear to be quite different from our current findings. Although they infused essentially similar amounts of lactic acid, the resultant arterial blood pH was slightly lower than that achieved in our current study. Perhaps the discrepancy was due to the type oflactic acid infused. We used the L optical isomer of lactic acid for our infusions; they did not specifically state which isomer they used. It is possible that different biologic transport properties of the optical isomers oflactic acid have caused different CNS conditions. We have previously noted that infusion of 0.2 normal NaCI appeared to inhibit FBM by an unknown mechanism (8) . It may be that the volumes of distribution and osmotic impacts of different fixed acids can alter or mask the stimulatory effect of the hydrogen ion on central chemoreceptors. Their infusions resulted in a slightly greater fall in blood pH and perhaps brain lactic acid levels rose to some inhibitory range that we did not reach in our study.
Although we could not replicate the lactic acid inhibition of FBM in normoxic intact fetuses seen by Johnston and Gluckman (21), we observed some inhibitory element of lactic acid infusion in the hour after the induced hypoxemia. The mechanism, site, and biologic significance of this inhibition of FBM remain to be elucidated. The inhibition of FBM with lactic acid infusion reported by Johnston and Gluckman (21) became a stimulation in fetuses with discrete lesions of the lateral pons. These same lesions abolished the inhibition ofFBM induced by acute hypoxemia. This particular area of the brainstem may be involved in sensing or processing the inhibitory neuromodulation of lactic acid.
Whatever the mechanism of the acute hypoxic depression, its adaptation, or the role oflactic acid in either phenomena in fetal sheep, it does not seem to act merely by modulating the incidence ofthe permissive LV EEG state, inasmuch as this was not altered by lactic acid infusion or by hypoxemia. The initial report by Boddy et at. (1) that hypoxemia reduced the incidence of the LV EEG state has not been replicated in more recent studies (4, 22) .
Our finding of a slight but statistically significant decrease in breath amplitude during hypoxemia has not been found by other investigators (3, 4, 22) . Although it seems reasonable that the decrease in ventilatory drive that lowers the incidence of FBM with hypoxemia might also decrease the amplitude of breathing, it may be that subtle differences in analysis account for the difference between our findings and those of the others. We looked very carefully for low amplitude breathing and such breaths were included in our assessment of breathing depth. We cannot rule out that the trend (not statistically significant) toward a fall in Pco, that we had in our study might have been mediated by the small decrease in breath amplitude we found with hypoxemia.
In summary, 6 h of lactic acid infusions did not alter the incidence of FBM for 4 h and did not significantly affect the inhibition of the incidence or depth of FBM during induced hypoxemia in the 5th h of acidosis. Lactic acidosis did appear to prolong the hypoxemic respiratory inhibition into a subsequent normoxic recovery hour. A peripheral lactic acidemia does not appear to explain the adaptation of the respiratory inhibition seen with sustained hypoxemia. Rather, lactic acidemia may actually act as a respiratory inhibitor insofar as it marginally prolonged the inhibition of FBM into the time after the return to normoxemia.
